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This thesis investigates the integration of a sputter ion pump 
into an add-on objective lens unit for the Scanning Electron Microscope 
(SEM) design.  Although compact permanent magnet add-on lenses have been 
used to improve the resolution of conventional scanning electron microscopes 
(SEMs), but there has been a persistent problem of contamination on the 
specimen surface when viewing samples with in the SEM after prolonged 
imaging , which degrades the final image quality. The following work 
investigates the possibility of designing a miniature sputter-ion pump to decrease 
the pressure inside the add-on lens, aiming to make the vacuum inside the add-on 
lens between 10-6-10-7 torr, therefore reducing specimen surface contamination. A 
single magnetic field distribution will be used both for the lens and pump, 
ensuring that the whole unit is still compact and small enough to operate as an 
add-on unit.  
  
Simulations of magnetic field distributions and direct ray tracing were carried 
out in order to investigate the influence of the ion pump on the add-on lens optics. 
Simulation results predict that the ion pump and add-on lens can both operate 
well together in a single unit inside the SEM, and this was confirmed by 
preliminary experiments. The pumping speed and improvement in the vacuum 
 vii
level of the lens were estimated based on the electrical current drawn by the ion 
pump. Images obtained with the integrated unit show improved spatial resolution 
performance compared to conventional SEM imaging, demonstrating that it can 
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Chapter 1 Introduction 
1.1 Background and Literature Review 
I. Conventional objective lenses 
In most scanning electron microscopes (SEMs), the specimen is placed in a field-free 
region some 5-20 mm below the objective lens, as shown in Figure 1.1, which is the 
most common type of objective lens used in a SEM. The final pole-piece, operated 
relatively far away from the specimen, has a very small bore that keeps most of the 
magnetic field within the lens. This arrangement provides space for various types of 
detectors. But the space requirement increases the aberrations on the objective lens, 
and therefore leads to a larger electron-probe size. The distance from the lens lower 




               
Figure 1.1 Conventional Scanning electron microscope (SEM) objective lens. PE, 
primary electron [1.1].    
 
II. Magnetic immersion lens 
The type of lenses in which the specimen is placed in the gap of a magnetic circuit 
are known as immersion objective lenses, and they typically improve the spatial 
resolution of SEMs by a factor of 3 [1.2]. Figure 1.2 depicts the schematic diagram 
of a magnetic in-lens objective lens. Because a specimen in-lens arrangement 
significantly improves the SEM’s performance, several SEMs have been specially 
designed to function in this way (JEOL JSM-6000F Ltd., 1-2 Musashino 3-chome, 
Akishima, Tokyo, Japan; Hitachi S-5000: Nissei Sangyo America, Ltd., Chicago, IL). 
These systems are more expensive than conventional SEMs. They usually have the 
disadvantage of restricting the specimen thickness to less than 3 mm and are more 
complicated to operate [1.3-1.4]. 
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Figure 1.2 Magnetic in-lens objective lens. PE, primary electron [1.1]. 
 
III. Retarding field lens 
Another important class of high-resolution SEMs is based on immersing the 
specimen in an electric field [1.5]. These SEMs use an electric retarding field lens, 
which slows the primary electron beam from an energy of around 10 keV to 1 keV 
within a few millimeters above the specimen, as shown in Figure 1.3. A magnetic 
field is superimposed onto the electric retarding field so that the primary beam can be 
focused. These retarding field systems are particularly advantageous at low primary 
beam landing energies, typically 1 keV and less [1.1]. 
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  Figure 1.3 Retarding field objective lens. PE, primary electron; SE, secondary 
electron [1.1]. 
 
IV. Mixed field lens 
For even better spatial resolution, it is advantageous to use the compound retarding 
field lens, which immerses the specimen in strong magnetic and electric fields. Such 
a design has been presented by Beck et al. (1995) [1.6]. Figure 1.4 shows a schematic 
drawing of a lens layout based on Beck et al.’s design. This relatively large working 
distance allows for power connections to be made to a wafer or integrated circuit 
specimen. A significant improvement in the probe resolution is predicted for the 
compound immersion retarding field lens. Where strong electric field strengths at the 
specimen can be tolerated, the probe diameter is predicted to be less than 2.5 nm at 1 
keV, which rivals the performance of magnetic in-lens objective lenses [1.1]. Electric 




Figure 1.4 Compound immersion retarding field lens [1.2] 
 
The following work is directed towards improvement in the design and use of an 
add-on lens for the Scanning Electron Microscope (SEM). Add-on lenses have been 
proposed as a way of increasing the resolution of conventional SEMs [1.9]. The 
concept of an add-on SEM lens is that a small high-resolution lens unit is placed 
below the objective lens of a conventional SEM column [1.1], as shown in Figure 1.5. 
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The specimen is placed within the add-on unit, which consists of an iron circuit and a 
permanent magnet disk, as shown in Figure 1.6. 
 





Figure 1.6 a compact permanent magnet immersion lens design [1.1]. 
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The lens uses a permanent magnet of coercive force Hc = 0.9×106 A/m to create an 
intense magnetic field which will strongly focus the electron beam. The peak axial 
field strength lies around 0.3 Tesla for a gap of around 8mm. In addition, the 
specimen can be negatively biased so as to reduce the landing energy of the primary 
beam electrons. The flux diagram and a graph illustrating this mixed field 
distribution are shown below. Figures 1.7(a) and 1.7(b) show simulated magnetic 
flux lines and equipotential lines for the add-on lens attachment, where the 
permanent magnet height is 5 mm and the specimen is biased to -5 kV. The axial 
field distributions for an incoming primary beam energy of 6 keV are shown in 
Figure 1.8. The landing energy of the primary beam in this case is 1 keV [1.1]. These 
field distributions were reported by Khursheed, who used some of the KEOS 
programs [1.10], which are based upon the finite-element method.  
 
Figure 1.7 Simulated field distributions for the mixed field immersion add-on lens: (a) 




Figure 1.8 Simulated axial field distributions for the mixed field immersion add-on 
lens [1.11]. 
 
The secondary electrons that leave the specimen will be collimated by the decreasing 
magnetic field gradient, and will spiral out of the top plate bore, to be collected by 
the SEM’s scintillator, as shown in Figure 1.9. The magnitude of the gradient is 




         Figure 1.9 Schematic drawing of the add-on lens layout [1.12]. 
 
The distance between the top plate and the specimen surface is defined as the 
working distance. Together with the coercive force of the magnet and the top plate 
bore diameter, these three factors determine the resolution of the lens. The add-on 
lens is able to achieve aberration coefficients, which are an order of magnitude better 
than those of a conventional SEM. 
The main advantage of using add-on lenses is that they can improve the resolution of 
conventional SEMs and that the SEM continues to operate in its nomal mode of 
operation.  
 
Some early work on add-on lens was carried out by Hordon et al. (1993a) [1.13] and 
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Hordon et al. (1993b) [1.14]. They used an add-on lens to investigate low-energy 
limits to electron optics and proposed it as a way of obtaining low landing energies 
(100-800eV) in conventional SEMs. They used a conventional field-emission 
(Hitachi S-800). Their initial results for a purely magnetic add-on lens were not a 
significant improvement over the SEM’s normal mode of operation: they obtained an 
image resolution of around 200 nm at a landing energy of 1 keV. However, better 
results were obtained with an add-on mixed-field electric-magnetic lens, which was 
able to provide a resolution of 40nm at a landing energy of 300eV. Yau et al. (1981) 
[1.15] had reported the advantages of using a combination of mixed 
electric-magnetic fields. Hordon et al.’s work was mainly directed at achieving high 
resolution at low energies (100-800 eV), and they later went on to develop a 
complete electron-optical column based on using a mixed field objective lens.   
 
Recent progress in designing add-on lenses has come from Khursheed and his 
colleagues. Khursheed noted the importance of being able to move the specimen in 
the vertical direction, which in Hordon et al.’s work was fixed. Khursheed found that 
in order to obtain significant improvement over an SEM’s normal mode operation, 
the vertical height of the specimen needed to be optimized so that the add-on lens 
unit was providing most of the focusing action on the primary beam. Khursheed et al. 
(2002) [1.11] had reported a high-resolution mixed field immersion lens attachment 
for conventional scanning electron microscopes. They dealt with a compact mixed 
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field add-on lens attachment for conventional scanning electron microscopes (SEMs). 
By immersing the specimen in a mixed electric–magnetic field combination, the 
add-on lens is able to provide high image resolution at relatively low landing 
energies (<1 keV). Experimental results show that the add-on lens unit enables a 
tungsten gun SEM to acquire images with a resolution of better than 4 nm at a 
landing energy of 600 eV. 
 
The integration of a magnetic lens and a sputter-ion pump has already been proposed 
in the context of making field emission guns smaller. Y. Yamazaki et al. (1991) [1.16] 
developed a field emission electron gun (FEG) integrated in a rotational symmetric 
sputter-ion pump (SIP). By integrating the FEG into a SIP, an ultra-high vacuum of 
5x10-9 Torr can be obtained. A 15mT axial magnetic field strength of the SIP is 
superimposed on the cathode. The magnetic field forms a gun immersion lens, 
resulting in the reduction of the spherical aberration by one-half.  
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 Figure 1.10 (a) Schematic illustration of FEG integrated in rotationally symmetric 
SIP. (b) Axial magnetic field distribution on the centre axis of SIP. The magnetic field 
of 15mT is superimposed on the cathode [1.16]. 
 
Figure 1.10(a) shows a schematic illustration of the FEG integrated in the designed 
SIP. The FEG, combining a ZrO/W cathode with a three element asymmetric 
electrostatic gun lens [1.17] [1.18] is positioned on the center axis of the SIP. The 
axial magnetic field, measured as a function of the distance from the cathode, is 
shown in Figure 1.10 (b). The FEG cathode is mounted at the peak field strength, at 
z=0 mm; resulting in a 15mT field is superimposed on the cathode [1.16]. Although 
the following work will concentrate modifying an add-on objective lens, it also has 




1.2 Motivation of This Work 
There has been a persistent problem of contamination on the specimen surface when 
viewing samples with the SEM after prolonged imaging. This degrades the image 
quality. In the present JEOL 5600 SEM (in the CICFAR lab), the specimen chamber 
is maintained at a vacuum between 10-4-10-5 torr. Inside the add-on lens, the pressure 
is much higher than in the SEM chamber because there is a small hole (2-4 mm in 
diameter) on the top plate which limits the gas that flows into the add-on lens from 
the SEM chamber.  
 
Of course there are other means of increasing the pump rate into the add-on lens such 
as the introduction of holes into the body of the lens. But that only increases the 
speed that the gas flows from inside the add-on lens to the SEM chamber. The final 
vacuum level inside the add-on lens cannot be improved in this way. This work aims 
not only just to increase the pump rate, but also improve the final vacuum level 
inside the add-on lens, holes are already incorporated. The aim is to reach a better 
vacuum level than already achievable in the existing SEM specimen chamber. 
 
The following work investigates the possibility of designing a miniature sputter-ion 
pump to decrease the pressure inside the add-on lens, aiming to make the vacuum 
inside the add-on lens between 10-6-10-7 torr, therefore reducing specimen surface 
contamination. A single magnetic field will be used both for the lens and pump, 
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ensuring that the whole unit is still compact and small enough to operate as an 
add-on unit.  
 
1.3 Design Objective 
This project aims to make a single add-on lens/sputter ion pump unit, using a fixed 
set of permanent magnets. The unit will be similar in size to other add-on lenses 
previously reported by Khursheed, small enough to fit on to the specimen stage of a 
conventional SEM (typically less than 70mm in diameter and less than 40mm high). 
The project will show that it is feasible to make such a unit, and preliminary 
experimental results will be presented.  
 
1.4 Scope of Thesis 
This thesis is divided into six chapters. The organization of this thesis is as follow. 
Chapter 2 introduces the basis of vacuum technology and the working principles of 
sputter-ion pumps. Chapter 3 provides the high vacuum system design, describing 
the prerequisites that ensure the sputter-ion pump can work. Chapter 4 presents the 
add-on lens and sputter-ion pump basic design requirement and simulation 
predictions, presenting the complete design solution and assembly procedure. 
Chapter 5 provides the experiment results and analysis. Chapter 6 concludes the 
thesis and provides some suggestions for future work.  
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Chapter 2 Basic Vacuum Technology 
2.1 Gas Transport and Pumping 
In a vacuum system, it is necessary to remove gas atoms to reach an operational 
pressure, P. Gas flow out of a given system (chamber) will be determined by the 
characteristics of the gas at P. The flow of the fluid will be determined by the 
comparison of the system dimensions to the mean free path λ of the gas at P [2.1]. 
Figure 2.1 shows in a vacuum system, mean free path λ and the characteristic system 
dimension D. 
 
   
       Figure 2.1 vacuum system and pumping line [2.1] 
 
The nature of gas flow in pipes and ducts changes with gas pressure and its 
description is generally divided into three parts or regimes. These regimes are usually 
defined in terms of the mean free path and its ratio to the characteristic dimension. 
This parameter is known as the Knudsen number [2.1], defined as 
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nK = λ / D                             (2.1) 
Three regimes are generally identified: 
1) Free Molecular Flow: nK > 1 
In the simplest type of flow, at low gas density with long λ (λ > D), the gas atoms 
simply bounce off the walls (atom-atom collisions are rare). This is typical of 
equipment operating in medium to high vacuum environments (or better). 
2) Continuum Flow: nK < 0.01 
In this regime, the gas density is high and particle collisions are frequent (more 
frequent than wall collisions). If the flow rate is not too high, then the particles 
follow streamlines and the flow is laminar (wall velocity = 0). As the flow rate 
increases, vortices begin to develop around obstacles and eventually the flow 
becomes turbulent (very complicated). Viscous flow occurs in any process near 
atmospheric pressure. 
3) Intermediate Flow: 0.01< nK < 1 
This transition between continuum and free molecular flow occurs at intermediate 
value of the Knudsen number where both wall collisions and intermolecular 
collisions are influential in determining the flow characteristics. 
 
For air at 20°C, with D in mm and P in mbar the relationship is given [2.1]: 
                    0.066nK PD
=                                    (2.2) 
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2.2 Flow Conductance, Impedance and Gas Throughput 
In the field of vacuum science and technology it is common practice to express gas 
flow rate as throughput in pressure –volume units. The symbol 
.
Q  is normally used 
and the throughput of gas at a particular pressure is then 
                
. ( )d PV dVQ P
dt dt
= =                                (2.3) 
If the volumetric flow rate is due to a pump 
. dVQ P
dt
= = PS                                  (2.4) 
where S  is the speed (or volumetric rate) of the pump at the pressure P . 
The pumping speed available at a chamber will be affected by restrictions due to 
connecting pipework. 
 
Knudsen [2.1] first introduced the notion of a pipe as an impedance or resistance in 
the electrical sense and Dushman [2.2] introduced the concept of conductance, which 
is defined by the relation 





= −                               (2.5) 
where uP  is the upstream and dP  is the downstream pressure. These pressures 
normally refer to values in plenums at the entrance and exit of a duct or a system 
fitting such as a valve. Gas flow conductance is thus analogous to electrical 
conductance, with pressure difference being the analogue of voltage difference and 
.
Q  the analogue of current. The reciprocal of conductance (resistance or impedance, 
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Z=1/C) could equally well be used. 
 
Applying this concept to a set of pipes or components in series, the net conductance 
is found from 
                       
1 2 3
1 1 1 1 ...
nC C C C
= + + +                        (2.6) 
For parallel pipes or components, the net conductance is  
1 2 3 ...nC C C C= + + +                        (2.7) 
Therefore, the net speed of a pump in series with a component or pipe is: 
                         1 1 1
nS S C
= +                              (2.8) 
It is usually assumed that continuity applies through a system; that is, the throughput 
is the same through all sections. In many common situations, steady conditions are a 
reasonable assumption. If dP  is the inlet pressure to a pump of speed S  which is 
connected via a pipeline or component to a chamber, then, assuming steady-state 
conditions, the speed ( nS ) and the pressure ( uP ) at the chamber are simply related by 
                           u n dP S P S=                             (2.9) 




2.3 Conductance Calculation in Molecular Flow 
Since gas in a sputter-ion pump follows molecular flow, only this type of vacuum 
will be considered in the following work. In the molecular flow regime, solution of 
gas flow problems can be reduced to finding the conductance of the elements 
involved since conductance is independent of pressure or flow conditions. 
2.3.1 Conductance of an Aperture 
The molecular flow conductance of a thin aperture is directly related to the rate of 
impingement of molecules over the aperture area A [2.1] 




Mπ=                             (2.10) 
where 0R is the universal gas constant, T is the thermodynamic (or absolute) 
temperature, and Mm is the molar mass (eg., 0.028kg/mole for nitrogen). 
For air at 20°C, Eq.(2.10) can be written in the convenient form [2.1] 
                        a aC k A=                                 (2.11) 
the value of the constant ak  equals to 0.1156 when aC  is in liter.s
-1, and A  is in mm2. 
2.3.2 Conductance for Long Pipes 
For very long pipes such that L>>D (L is a pipe of length, D is a pipe of diameter) 
the conductance LC calculated by the Knudsen method is correctly given to a 1% 
order of accuracy by [2.1] 
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π=                                   (2.12) 
For nitrogen at 295 K, expressed in litres per second, it becomes [2.1] 
               312.4 /LC D L=  l s-1, D, L in cm                      (2.13) 
2.3.3 Conductance for Short Pipes 
For the type of pipes usually encountered in vacuum systems in practice, which are 
not long compared to their respective diameters, Dushman suggested that their 
conductance be calculated as that of an aperture conductance aC  appropriate to the 
entrance area in series with a pipe conductance given by the long pipe expression 
above [2.2]. Thus for a pipe of any length, the following equation is used  





×= +                                    (2.14) 
Thus for nitrogen gas at 295 K, using equation (2.15) 
             
312.4 /
1 4 / 3pipe
D LC
D L
= +   l s
-1, D, L in cm.                    (2.15) 
This is a useful working formula and is sufficiently accurate for most purposes. 
 
2.4 Sputter-Ion Pumps 
2.4.1 Introduction 
Capture pumps, which trap pumped gas molecules in the pump body, dominate the 
kind of pumps most commonly used for the ultrahigh- and high-vacuum (UHV and 
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HV) region (between 10-4-10-12 torr). 
 
The principal pumping mechanism employed is chemical transformation whereby 
gases are chemically combined into solid compounds with very low vapour pressure. 
At UHV and HV conditions a surface can hold large quantities of gases compared to 
the amount of gas present in space. A pumping action can be produced by 
“physisorption” or “gettering”, based upon a chemical combination between the 
surface and the pumped gas. 
Many chemically active materials can be used for gettering. In vacuum systems 
titanium is commonly used because it is chemically reactive with most gases when it 
is deposited on a surface as a pure metallic film, but it is rather inert in bulk form 
because of the tenacious oxide film covering its surface. Pumps using chemical and 
ionisation pumping effects can generally be called sputter-ion pumps. Early designs 
(after 1955) had a variety of arrangements for electron sources and for titanium 
evaporation. Today the most common designs are based on a Penning cell [2.3], [2.4] 
and are called sputter ion pumps because the supply of a fresh titanium film is 
produced by a process called sputtering. 
2.4.2 Pumping Mechanism 
The pumping effect of sputter-ion pumps is produced by sorption processes, which 
release ionised gas particles. The pumping speed is achieved by parallel connection 
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of many individual Penning cells. 
 
A sputter-ion pump consists basically of two electrodes, anode and cathode, and a 
magnet (Figure 2.2). The anode is usually cylindrical and made of stainless steel. The 
cathode plates positioned on both sides of the anode tube are made of titanium, 
which serves as the gettering material. The magnetic field is orientated along the axis 
of the anode. Electrons are emitted from the cathode due to the action of an electric 
field and, due to the presence of the magnetic field, they move in long helical 
trajectories which improve the chances of collision with the gas molecules inside the 
Penning cell. The process described above can be illustrated by Figure 2.3.The usual 
result of a collision with the electron is the creation of a positive ion that is 
accelerated to some keV by the anode voltage and moves almost directly to the 
cathode. The influence of the magnetic field is small because of the ion’s relatively 
large atomic mass compared to the electron mass. 
 




                   Figure 2.3 Sputter-ion Pump working principle [2.11] 
 
Ions impacting on the titanium cathode surface sputter titanium away from the 
cathode forming a getter film on the neighbouring surfaces and stable chemical 
compounds with the reactive or “getterable” gas particles (e.g. CO, CO2, H2, N2, O2). 
This pumping effect is very selective for different types of gases, and is the 
dominating effect with sputter ion pumps. The number of sputtered titanium 
molecules is proportional to the pressure inside the pump. The sputtering rate 
depends on the ratio of the mass of the bombarding molecules and the mass of the 
cathode material. The higher this ratio, the higher is the sputtering rate. For hydrogen, 
the lightest gas molecule, the sputtering rate of titanium is negligible. 
 
In addition to the sputtering process a second important effect can be observed. The 
energy of the ionised gas particles allows some of the impacting ions to penetrate 
deeply (around 10 atomic layers) into the cathode material. This sorption process 
pumps all kinds of ions into the cathode, in particular ions of noble gases which do 
not react chemically with the titanium layer formed by sputtering. However, this 
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pumping effect is not permanent since due to the erosion of the cathode material 
previously implanted molecules are released. 
 
The cathode sorption process also works for hydrogen. Large amounts of hydrogen 
ions can diffuse deep into the bulk material and are permanently buried there. 
2.4.3 Standard Diode 
 
Figure 2.4 Diode Sputter-Ion Pump Configuration [2.5] 
 
The configuration described above is typically referred to as a standard diode pump. 
The anode cells are electrically isolated from the pump body and work with a 
positive voltage while the two cathode plates, made of titanium, are at ground 
potential. The electrodes are contained in the pump body, and the magnetic field is 
induced by external permanent magnets. 
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A cell’s pumping speed depends on several parameters i.e. its diameter, length, 
electrical and magnetic field and these parameters have been optimised in several 
theoretical studies and experimental tests [2.6–2.10]. Common designs for 
sputter-ion pumps use anode cell diameters between 15 and 25 mm, magnetic fields 
between 1 and 1.5 kGauss, and a voltage, typically 3 kV to 7 kV, applied between the 
cathode plates and the anode. The ratio I/P (pump current/pressure), the main 
parameter of a Penning cell, reaches values between 3 and 25 Ampere/mbar in such a 
configuration, while the typical pumping speed for one cell is between 0.3 and 2 
liters/second. 
 
The diode pump has the highest pumping speed for all getterable gases but has only a 
low pumping speed for noble gases. For argon, the most common noble gas (1% in 
air) the pumping speed in a standard diode is only 2–5 % of the nominal pumping 
speed. 
2.4.4 Triode 
In the triode configuration of sputter-ion pumps, two basic changes are made: 
a. The voltage polarity is modified, so that the anode array is grounded and the 
cathode plates are operated at a negative high voltage. 
b. The cathode is constructed of strips of titanium instead of being a flat plate of 
titanium. 
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This combination of changes shifts the balance of sputtering, ion burial, re-emission 
and net noble gas pumping to the point where stable pumping of air and modest loads 
of noble gases can be maintained. 
 
Several variations of this structure, called triode, StarCell, etc., have been used, with 
more or less success in stabilizing noble gas pumping. A typical triode configuration 
is shown in Figure 2.5. 
   
Figure 2.5 Triode Sputter-Ion Pump Configuration [2.5]. 
 
2.4.5 Pressure Range 
The pumping speed of ion sputter pumps varies with pressure. The operating 
pressure (starting pressure) must be kept below 10-4 mbar, otherwise the space charge 
in the Penning cells causes glow discharge, and the sputtering process stops. The 
maximum pumping speed, also called the nominal pumping speed (SN) is reached at 
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about 10-6 mbar (Figure 2.6). 
 
Figure 2.6 Pumping speed vs. pressure for a standard diode with SN = 100 l/s. [2.11] 
 
Down to the base pressure the pumping speed decreases. The base pressure is limited 
by the equilibrium between pumped and desorbed molecules and not by the absence 
of discharge. The ultimate lowest pressure range of 10-11 and 10-10 mbar can only be 
reached after a bakeout of the ion sputter pump [2.12, 2.13]. 
2.4.6 Choice of Pumping Element Technology 
The most common configuration of sputter-ion pumps is the diode pump as shown in 
Figure 2.4. Both cathodes are made of titanium and the structure is simple and 
rugged. For most applications, where active and/or residual gases comprise the main 
load of the pump, this configuration works well. This applies to Nitrogen, Oxygen, 
Water Vapor, Carbon Dioxide and similar chemically active gases. For the pumping 
of some other specific gases, however, variations of the structure are useful. 
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For noble gases, such as argon, either as the main gas load or as the result of 
sustained air leaks (argon comprises approximately 1% of air), the diode pump can 
develop problems. Since argon is chemically neutral, it is pumped by burial only. 
After prolonged operation, some of the previously buried argon gets re-emitted due 
to the sputtering action. The pressure rise causes additional sputtering, which causes 
additional argon to be re-emitted, etc. and the pressure rises more and more rapidly, 
up to the point where the pressure reaches about 10-4 torr. At this point the electrical 
discharge changes mode into a more diffuse form, the argon gets slowly pumped into 
other areas of the pump and the pressure slowly falls over a few minutes. At a certain 
point, the discharge shifts back into the confined Penning mode, and the pressure 
falls rapidly to the base pressure of the system. This behavior, called “argon 
instability”, continues in a periodic fashion, with a period which increases as the size 
of the argon load decreases. To stabilize this behavior, the balance of 
sputtering/burial/re-emission must be shifted. This is accomplished by using the 
triode and the differential pump. 
 
The comparative pumping speed tests [2.14] for triode and diode noble-gas 
sputter-ion pumps can be summarized in term of the three major differences in 
pumping performance. 
(1) The high-pressure performance of the triode pump is superior to the diode. In 
applications where frequent starting of the pump at high pressure is required, the 
triode is the better pump. 
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(2) In high and ultra-high vacuum applications, or where the pump will be kept at 
low pressure, the diode pump has superior performance. Starting of the diode 
pump at high pressure should be assisted with sublimation of titanium. 
(3) The usable life of the triode pump is considerably shorter than the diode pump. 
To obtain a long life the triode pump must be operated at low pressure where the 
diode has a pumping advantage. 
 
In this project, the diode pump is selected, since it is to work in high and ultra-high 
vacuum conditions, active gases comprise the main load of the pump, the structure of 
the diode pump is relatively simple, and it has a longer life than the triode pump.  
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Chapter 3 High Vacuum System Design 
In this chapter the design equations for the pumpdown process are given. Together 
with the effective pumping speed of the pump set and the gas loads in the system, 
they yield predictions of the system’s vacuum performance.  
3.1 Calculations of Vacuum Systems 
The pump set on a vacuum system has to perform two tasks. It has to evacuate the 
system starting from atmospheric pressure down to a specified pressure within a 
certain time, and it must be able to maintain a specified pressure during the vacuum 
process operation. 
 
A schematic diagram of a basic vacuum system with gas flow 
.
Q in, comprising a 
chamber with volume V, pressure P, and pump defined by pressure p0 and pumping 
speed S0 is shown in Figure. 3.1 
              












3.1.1 Basic Pumpdown Equation 
The pump set has a pumping speed 






=                                (3.1) 
at its inlet. The effective pumping speed can be calculated from a steady-state flux 
balance of the flow entering the component and the flow into the pump and the 
pressure drop across the component determined from its conductance: 







                            (3.2) 
The effective pumping speed is always smaller than the installed pumping speed S0. 
The fraction of the speed of the pump set  









                             (3.3) 
In Figure 3.1 a gas flow 
.
Q in into the system is shown schematically. This flow can 
be caused by gas entering the system from the ambient by a purposely fitted gas inlet, 
by leaks or permeation through seals or chamber walls. It can also be caused by gas 
sources physically within the system like outgassing from materials. 
 
From the basic parameters, volume of the system, effective pumping speed, and flow 
into the system the time-dependence of the pressure in the system can be calculated. 
By applying the ideal gas law with the assumption of constant gas temperature, a flux 
balance yields the following basic differential equation [3.1]: 
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= −                        (3.4) 
where 
.
outQ  is the flow the pump system removes from the chamber: 
.
outQ pS=    
Solutions for the above basic differential equation can be derived assuming constant 
pumping speed and constant gas flow. So the basic differential equation has the 
solution [3.2] 
                    0
max
( ) expin in
Q QSp t p t
S V S
   = − − +     
 
              (3.5) 
for the pumpdown of system. 
Solving Eq.(3.5) for t yields the pumpdown time from 0p to p : 









  − =   −  
                        (3.6) 
 
3.1.2 Outgassing in High-Vacuum Systems 
One major gas source that needs to be taken into account is the outgassing of the 
vacuum system itself and the material to be processed.  
 
In any vacuum system that has reached equilibrium and in which leaks have been 
eliminated, the pressure depends on the total outgassing of the system and the 
pumping speed of the pumps. 
                           Qp
S
=  torr 
 37
where Q  is the outgassing rate in torr litre per second (torr 1. s-1) and S is the 
pumping speed in 1.s-1. Figure 3.2 illustrates a typical outgassing rate plot at constant 
temperature.  
        
               Figure 3.2 Typical outgassing rate plot [3.2]. 
 
The diagram suggests that at least for a limited time interval the outgassing rate can 
be fitted to [3.2] 






• ⋅=    
                             (3.7) 
with the geometrical surface A and the fit parameters 1ha  and α. The parameter  
1ha  can be identified as specific outgassing rate after 1h of pumping. The decay 




The specific outgassing rates cover a range over several decades depending not only 
on material type but also on surface preparation, cleaning steps, exposure times to 
atmosphere, and relative humidity. The decay exponent ranges from about 0.2 to 1.2. 
Its value gives hints about what type of outgassing mechanisms are taking place. 
 
Metals, glasses, and ceramics yield outgassing rates which are well fitted with a 
single set of 1ha  and α values for outgassing times from about 1s to more than 
100h [3.2]. The decay component for these materials is close to 1. Especially for 
metals, details of the preparation and cleaning steps have a larger influence on the 
specific outgassing rate than do the differences between different types of materials.  
 
Polymer materials generally show higher outgassing rates compared to metals and 
the decay constant is in the range of 0.4 and 0.8 [3.2]. Tables 1 to 5 in Appendix 1 
give published data of material outgassing rates, and are very useful in identifying 
what materials contribute to outgassing in specific vacuum systems. 
 
For the entire vacuum system, the gas load due to outgassing is obtained from the 
summation over contributions from all surfaces. The time-dependence of the gas load 
is [3.2]: 










• ⋅=    
∑                        (3.8) 
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3.1.3 Simple Approximate Analytical Solutions 
Solutions for the basic differential equation [Eq.(3.4)] have been derived assuming 
constant pumping speed and constant gas flow. In actual practice, these conditions 
are certainly not fulfilled for the entire pressure range. For limited pressure ranges 
these assumptions are often adequate. Combining analytical solutions with 
appropriate approximations can therefore provide useful practical solutions [3.2]. 
For the approximation of the pumping speed  
                       max( ) (1 )u
pS p S
p
= −                          (3.9) 
and constant gas flow 
.
inQ  the basic differential equation has the solution 
              max0
max max
( ) expin inu u
Q S Qp t p p t p
S V S
   = − − − + +     
 
         (3.10) 
for the pumpdown of a system. During pumpdown the major gas load is due to 
outgassing. Since the outgassing flow has a slow time-dependence compared to 
typical vacuum time constants, Eq.(3.10) also yields a reasonable approximation for 
the pumpdown of a system with outgassing. Using Eq.(3.8) for the outgassing flow 
rate for the pressure during pumpdown is 
           1 max 10
max max








  ⋅ ⋅ = − − − + +             
    (3.11) 
Eq.(3.11) provides an explicit pressure versus time curve. Although pumpdown times 
to specified pressure can be extracted from calculated ( )P t  data, often it is 
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desirable to have an explicit expression for the pumpdown time. An estimate for the 
pumpdown time is obtained considering the evacuation of the volume (Range I) and 
pumping of outgassing flows (range II) independently. For both steps a separate 
pumping time is calculated and the results are added to obtain the total pumpdown 
time: 
                          I IIt t t= +   
For a pumping speed according to Eq(3.9) and an outgassing flow according to 
Eq(3.8) the times are 






= −                         (3.12) 










α ⋅= ⋅ ⋅ − 
                 (3.13) 
3.2 High-Vacuum Pump Sets 
In this project, the add-on lens/sputter ion pump unit is first put in a test vacuum 
chamber, to better understand its pumping characteristics. Pump sets for 
high-vacuum systems have to operate in the pressure range from atmospheric to the 
system base pressure which maybe as low as 10-6 mbar. The pressure range is 
covered by a combination of high-vacuum pumps which operate typically below 10-2 
mbar and fore-vacuum (roughing) pumps which pump down from atmospheric to 
10-2 mbar. In most cases the fore-pump also serves as backing pumps for the 
high-vacuum pumps. 
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Here the roughing pumps consist of a rotary pump and a turbomolecular pump, as 
shown in Figure 3.3. The rotary pump will pump down from atmospheric pressure to 




Figure 3.3 Rotary pump and turbomolecular pump. 
 
When the sputter-ion pump is put in the SEM, the diffusion pump of SEM is the 
roughing pump. Diffusion pumps can pump down from atmospheric pressure to 10-6 
torr. 
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Chapter 4 an Add-on Lens with an 
Integrated Sputter-Ion Pump Design  
4.1 The Concept of an Add-on Lens with an Integrated 
Sputter-Ion Pump  
The concept of an add-on lens with an integrated sputter-ion pump is that a 
sputter-ion pump is incorporated into an add-on lens. Figure 4.1 shows the structure 
of the add-on lens with an integrated sputter-ion pump. 
  
 
Figure 4.1 Structure of an add-on lens with an integrated sputter-ion pump.  
 
Outer mild steel casing, magnet (1) and magnet (2) provide part of the magnetic 
circuit for the add-on lens. Magnets (1) (2), Titanium cathodes (1) (2) and anode are 
parts of the sputter-ion pump. The anode is connected to a high voltage supply 
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(around 3 kV). The Titanium cathodes are grounded. 
4.2 Basic Requirements of the Add-on Lens 
Physical Dimensions 
Constraints on the add-on lens size come from the fact that it must be small enough 
to fit on to the SEM specimen stage. The maximum dimensions for the lens are given 
in Table 4.1. 
Description Dimensions (mm) 
Lens diameter 100 
Lens height 36 
Magnet height 5 (2pcs) 
Magnet diameter  60 (2pcs) 
Bore diameter 4 
Material thickness (top and bottom plates) 4 
Table 4.1 Add-on lens dimensions 
Material 
The outer casing of the lens needs to be made from mild steel, since it forms the 
return path of the magnetic circuit. However, since it is also part of the ion pump, 
considerable outgassing may occur, its outgassing rate is as high as 6000×10-10 torr l 
s-2cm-2 (according to Appendix 1 table 1). Therefore, nickel plating on the surface of 
mild steel is required. After nickel plating, the outgassing rate is expected to be 
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around 5400×10-10 torr l s-2cm-2 (after pumping for one hour). 
Magnetic Field Strength 
The strength of the magnetic field in an ion pump between two magnets should be 
around 0.2 Tesla. This is the requirement for the pump to function properly. On the 
other hand, for the lens the magnetic field strength in the top gap should be as strong 
as possible, in order to achieve good resolution. 
4.3 Sputter-ion Pump Basic Design Requirements  
There are several parameters involved in sputter-ion pump design, and they 
significantly alter cell pumping speed. Typical values used in commercial sputter-ion 
pumps are given in the Table 4.2. 
 
ANODE VOLTAGE V 3.0-7.0 kV 
MAGNETIC FIELD B 0.1-0.2 T 
CELL DIAMETER d 1.0-3.0 cm 
CELL LENGTH l 1.0-3.2 cm 
ANODE/CATHODE GAP a 0.6-1.0 cm 
PRESSURE (Pn) P 1.0≤ n≤ 1.5Torr 
Table 4.2 Parameters effecting Penning cell sensitivity and sputter-ion pump speed 




I/P and Pumping Speed 
In the early works on sputter-ion pumps, it was suggested and experimentally prove 
that the pumping speed is closely related to the ratio of ion current to pressure (I/P), 
and could be used to provide an indication of the pumping speed [4.2-4.3]. At a 
particular pressure, more current flowing in the ion pump anode circuit represents 
more ions being formed and therefore more gas ions being pumped. The relationship 
is linear: 
S = K *(I/P)                                   (4.1) 
Where S is in liters per second, I is in amperes, P is in Torr. The value for K is 
between 0.05 and 0.2 for a large variety of configurations. So, for example, an 8 liter 
per second pump operating at 1200 gauss and 3000 volts would draw 1 milliamp at 1 
×10-5 torr, giving a K of 0.08 (8 l/s = 0.08×10-3 amps/10-5 torr). 
Magnetic Field Strength 
Sputter-ion pumps operate by using a low pressure gas discharge called the Penning 
discharge. The threshold magnetic field for the formation of the Penning discharge is 
usually several hundred gauss. Figure 4.2 shows some data for pumping speed for a 




Figure 4.2 Pumping speed (l/s) vs. Magnetic Field & Voltage [4.4] 
We see that there is a value of B below which there is no discharge in the cell. This is 
called the cut-off field. Beyond the threshold magnetic field, the number of positive 
ions increases linearly with increasing B field until it reaches a maximum value. A 
“plateau” of pumping speed versus magnetic field is reached. This plateau is 
determined by the point at which the spiraling electron path is long enough so that it 
produces enough ions and therefore, electron avalanches, to produce a discharge in 
which the space-charge reaches a limit. Further increases in current and therefore 
pumping speed are limited. Practical considerations with actual permanent materials 
dictate that magnetic fields in the range of 1000 to 3000 gauss be used. 
Voltage 
The threshold voltage for the formation of Penning discharge is usually several 
hundred volts; for typical configurations the value is between 600 to 800 volts. This 
value is determined by the point at which an electron produces enough ions and 
therefore, an electron avalanche, to allow the discharge to be self-sustaining. 
 
The pumping speed rises more-or-less linearly with applied voltage from the 
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threshold value up to several thousand volts. Increasing the electron energy allows 
more ionizing collisions/avalanches, explaining the increase in current and pumping 
speed. 
 
A “plateau” of pumping speed versus voltage is reached. This is explained in the 
literature to be due to a build-up of space charge in the anode cell to some maximum 
value, at which point the current and therefore the pumping speed cannot increase 
further. 
 
Practical considerations in insulator design and materials for high voltage 
feedthroughs and stand-off insulators limit ion pumps, especially miniature ion 
pumps, to the use of voltages in the range of 2000 to 5000 volts. At high operating 
voltages, leakage currents, especially field emission currents, interfere with using the 
ion pump current as an indicator of pressure. The exponential dependence of field 
emission leakage current versus operating voltage encourages the use of lower 
voltages, if current measurements are used. Most pump designs develop field 
emission leakage currents with extended use. Design parameters to be avoided are: 
small spacing between electrodes and sharp corners on parts where high voltage 
gradients exist. 
Operating Pressure 
Through a combination of a magnetic field and an electric field, gas ions are formed 
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and captured on active metal plates, such as titanium. The Penning discharge only 
operates at pressures below approximately 10-4 torr, so the pressure in the pump and 
vacuum system must be reduced by other means to reach that pressure range. 
Anode Cell Diameter and Anode Cell Length 
It has been found that I/P and therefore pumping speed are proportional to anode cell 
length. Typical ion pumps have anode cells with lengths that are approximately 1.5 
times their diameters. 
Cathode Material and Anode Material 
Traditionally, ion pump cathodes have been made of titanium because it is 
chemically reactive with most gases when it is deposited on a surface as a pure 
metallic film. 
Usually the sputter-ion pump anode is made of Stainless Steel 304. 
Insulator Material 
In order to minimise material outgassing, Macor machinable glass ceramics are 
selected as an insulator in the pump. This material has a continuous use temperature 
of 800°C and a peak temperature of 1000°C, and its coefficient of thermal 
expansion readily matches most metals and glasses. It is nonwetting, exhibits zero 
porosity, and unlike ductile materials, will not deform. It is an excellent insulator at 
high voltages and high temperatures when properly baked out, it will not outgas in 
vacuum environments. 
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4.4 Simulation of an Add-on Lens Integrated with 
Sputter-Ion Pump Design 
The study here uses magnetic field and direct ray tracing simulations to investigate 
the possibility of using ion pump structure designs in the add-on lens. The study aims 
to investigate whether the magnetic field distribution satisfies both requirements of 
the add-on lens and the sputter-ion pump and whether secondary electrons from the 
specimen can go through the top plate hole and be collected by the SEM detector. 
The KEOS programs were written by Khursheed and were used for the simulation 
[4.5]. 
 
Here, the casing is made up of a 4 mm thick top-plate, a 4 mm thick bottom-plate and 
a 7 mm thick ring. The overall diameter is 100 mm (the ring inner diameter is 86 mm) 
and all pieces are held together by magnetic force. Two NbFeB permanent magnet 
discs (9000 AT/cm) are used for magnetic excitation, having a diameter of 60mm and 
the height 5 mm, resulting in a magnetic excitation of 4500 AT. Figure 4.3 shows a 
section view schematic of the permanent magnetic immersion lens, together with its 
simulated magnetic field distribution. It is clear from Figure 4.3 that the magnetic 
flux runs within the mild steel casing, and therefore, this design does not create 





                                            
 
Figure 4.3 Section view cross-section of the permanent magnet immersion lens. 
Dimensions in millimeters.  
 
The simulated magnetic field distribution along the optical axis of the immersion 
lens is presented in Figure 4.4, together with experimentally measured values. The 
measured values were obtained using a F. W. Bell Series 9550 Teslameter, and this 
curve shows a slightly flatter and lower value than predicted by simulation. This 
discrepancy might be explained by assumptions made on the B-H curve for the mild 
steel within the simulation model.  
 
From the simulation result, we can see that the magnetic field strength for the 
specimen is about 0.3T. The specimen holder is put on the center of the top magnet; 
the distance from the surface of the specimen to the top plate is typically between 1-2 
mm. 








Figure 4.4 Magnetic field distribution along the optical axis of the immersion lens. 
 indicates measured values and  indicates simulated values. 
 
Figure 4.5 Simulated secondary electron trajectory paths at an initial energy of 5ev 
leaving the specimen for the magnetic immersion add-on lens. 
 
Figure 4.5 shows secondary electron trajectory paths, for initial energies of 5 eV, 
leaving the specimen at various angles (predicted by the KEOS programs). They are 
collimated initially by the strongly decreasing magnetic field gradient below the top 
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plate, and they spread out when the field value is small. These electrons are then 
attracted to the scintillator detector. Simulation results predict that most secondary 
electrons with energies less than a few electron volts will go through the top plate 
hole, and so the transport efficiency of secondary electron collection with the 
combined ion pump and add-on lens is expected to be comparable to its value 
without a sputter-ion pump. 
 
Now we calculate the magnetic field between two permanent magnet discs to see 
whether the magnetic field strength is suitable for the sputter-ion pump to function.  
 
Figure 4.6 Distribution of axial flux density 
 
According to Figure 4.6, 2φ∆ ＝ flux between two flux lines=6.145 × 10-5 
W,
fn







6.145 10  W
0.03 mπ
× =0.217 T 
Flux lines
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Magnetic flux density 0.217 Tesla can satisfy the ion pump requirement. 
4.5 Add-on Lens Design 
Figure 4.7 shows the layout and dimensions of the final chosen design of add-on 
lens. 
 
Figure 4.7 Dimensions of add-on lens. Dimensions in millimeters. 
 
I. Top Plate 
Figure 4.8 is the top plate design: 
On the top plate, there are 3 screws in order to connect a flange when testing ion 
pump. The three screws are not penetrable into bottom of the plate. The screw on the 
edge of the plate is used to easily disassemble the top plate from the add-on lens 
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because the magnets are very strong. This screw is penetrable into bottom of the 
plate. Figure 4.8 is the final design which was manufactured in the workshop. 
        
 
                  Figure 4.8 actual top plate of add-on lens 
II. Base Plate 
Figure 4.9 is the base plate design. 
 
Figure 4.9 Base plate of add-on lens 
III. Body 
The body of the add-on lens/pump unit is designed to have two connectors, one for a 
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high voltage supply, and the other for an ion gauge.  
Figure 4.10 is the final design  
 
                   Figure 4.10 Body view 
4.6 Sputter-ion pump Optimization and Design 
The influence of the different pump parameters on the pumping speed is more 
empirical than theoretical. This is due to the complicated pumping mechanism of 
sputter-ion pumps, which depends on the different discharge modes of the Penning 
cells, on the sputtering rate of the energetical ions impacting the cathode, and on 
physico-chemical phenomena between gas molecules and the surfaces of both 
electrodes. 
Besides the cathode material, the main significant parameters affecting the pumping 
speed of a sputter-ion pump are the magnetic field, the applied voltage, and the 
diameter of the cells. These parameters are discussed in Section 4.3. The pump 
design was optimized according to these parameters. 
Connector 




As already mentioned, typical ion pumps have anode cells with lengths that are 
approximately 1.5 times their diameter, so here we choose the anode length to be 




Figure 4.11 anode design 
Figure 4.11 shows the anode design. In an actual sputter-ion pump, the pumping 
units consist of n cells connected in parallel to the same anode potential. Thus 
                     Sn= n S1, [4.6] 
Where S1 is the pumping speed of one cell, Sn is the total pumping speed of n cells. 
Therefore, it is important to maximize the number of cells used. The maximum 
number of cells that could be used in this case was 19, in a block of diameter 44 mm 
of stainless steel. Since the anode needs to be connected to high voltage, a small hole 
on the block is created for the supply wire. On the top of the anode a screw fastens 
the end of the wire.  
 
Hole for the supply wire 
Hole for a screw 
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Cathode Design 
The cathodes are made of titanium material with a thickness of 1.27 mm. The 
dimensions and shape of the cathode made for the ion pump is shown in Figure 4.12. 
 
                        Figure 4.12 cathode design 
Insulator Spacers 
 
Figure 4.13 insulator spacer 
Figure 4.13 shows the dimensions of the ceramic insulator used to separate the anode 
from the cathodes. The gap between the anode and the cathode is 3 mm. 
Magnetic Field Strength 
Two permanent magnet discs are used to excite the add-on lens, sputter-ion pump 
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field. They have a 5 mm thickness, and are 60 mm in diameter. In Section 4.4, we 
have calculated the magnetic field between two permanent magnet discs 0.217 Tesla, 
which satisfies the ion pump requirement 
High Voltage Feedthrough 
Figure 4.14 shows a photograph of the high voltage feedthrough to connect to the 
pump casing. It was designed to withstand 2-4 kV and employs an extra ceramic 




        Figure 4.14 high voltage and wire 
4.7 Assembly  
Assembly Procedure sees Appendix1. 
Ceramics O-ring Wire 
 59
             
     Figure 4.15 The integrated sputter-ion pump with add-on lens. 
Figure 4.15 shows the final assembling unit.  
4.8 Evaluation of Add-on Lens and Ion Pump Design 
The design of the lens is kept simple, and simulation programs were run to ensure 
that the performance of the lens is not compromised. The pump was also designed to 
ensure construction is not too difficult, and it gives good pumping efficiency. 
To prove the workability of the design, actual experiments and tests were carried out. 
These will be discussed in detail in the next chapter. 
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Chapter 5 Experiment Results and Analysis 
5.1 Sputter-ion Pump Test 
5.1.1 Experimental Equipment 
Before incorporating the sputter-ion pump add-on lens unit into the SEM stage, it is 
necessary first to test whether the ion pump works. The following equipment was 
used.  
I. High voltage supply  
TREK 610D high voltage supply can provide a maximum of 10kV. The maximum 
output current is 2000μA. This high voltage is connected to the sputter-ion pump 
anode.  
II. Rough Pumps  
As already stated, a rotary pump and turbomolecular pump are used to prepare the 
vacuum before the ion pump is switched on. 
5.1.2 Initial Test 
Figure 5.1 shows a test chamber station which was used to first characterise the 
sputter ion pump. This test chamber was constructed by Mans Osterberg, a 
Postdoctoral Fellow in the CICFAR lab. The sputter ion pump is connected to a 
flange on the test chamber. There are two gauges. One gauge (IG1) measures the test 
chamber pressure, while the other gauge (IG2) measures the sputter-ion pump 
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pressure. Before switching on the ion pump, the pressure in the ion pump must be 




                       Figure 5.1 installation of testing sputter-ion pump  
 
Because the turbomolecular pump is grounded, the add-on lens body, top plate and 
bottom plate are all also grounded. One titanium cathode together with the bottom 
permanent magnet touches the add-on lens bottom plate. Another titanium cathode 
together with the top permanent magnet touches the top plate through a copper stub. 
These connectors ensure that the two titanium cathodes are both grounded.  
 
When the test chamber pressure achieves 10-2 torr, the turbomolecular pump is 
switched on, the high voltage power supply remains off at this point. The two ion 
Test 
Chamber 
Integrated add-on lens/ion pump unit IG2 IG1 
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gauge controllers show that the test chamber and ion pump pressure decreases. 
 
When the pressure falls below 10-4 torr (actual pressure was 2.9×10-5 torr), the high 
voltage supply was turned on. The voltage is increased slowly, in small increments so 
as to avoid sudden current surges. Below 760 volts, the current drawn is zero. When 
the voltage is above 760 volts, the current starts to rise steadily. 760 volts is therefore 
the threshold voltage at which the ion pump works. 
 
                       Figure 5.2 Pressure vs. Current relationship 
 
Figure 5.2 shows the relationship of pressure to current that was obtained 
experimentally.  The sputter-ion pump current is proportional to pressure, especially 
at lower pressures. This relationship is expressed by the equation: I/Pn =constant 
(1.0≤ n≤ 1.5). Thus, at lower pressures, pump current can be used as an indicator of 
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the pressure. Figure 5.2 was used to calibrate the pressure. 
 
                
Figure 5.3 Pressure vs. time relationship 
 
Figure 5.3 shows the experimentally derived pump down time with pressure. 
 
In chapter 4, the relationship of I/P and pumping speed: S=K*(I/P) was given. This 
relationship was used to determine the pumping speed especially at low pressures. 
The proportionality factor K depends not only on the gas [5.1] but also on the gas 
quantity pumped after bake-out of the pump. The pressure dependence of the 
K-value was successfully empirically fitted to an equation of the Langmuir isotherm 
type [5.2] 







×− + × .                          (5.1) 
 65
This empirical relation is valid for the pressure region between 10-10 and 10-5 Torr. 
The equation then becomes, 







×− + × I/P                         (5.2) 
where S is the pumping speed in l/sec, and I/P, the discharge intensity in A/Torr.  
According this formula, we can obtain the pumping speed when the operating 
voltage is 2.5 kV. Figure 5.4 shows this S/P relationship applied to the experimental 
results from the add-on lens/ion pump shown in Figure 5.2. 
 
    
Figure 5.4 Pressure vs. Pumping Speed relationship as applied to I/P result in   
Figure 5.2. 
  
From previous experience of sputter-ion pumps, the pumping speed increases as the 
pressure deceases. In the range of 10-5-10-7 torr, a maximum pumping speed is 
reached at about 10-7 torr [5.2].  A similar result is obtained here, Figure 5.4 shows 
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that at pressures 6×10-6-2.3×10-6 torr, the pumping speed increases as the pressure 
deceases. 
 
5.1.3 Conductance and Outgassing Calculation in the Test 
Chamber  
Figure 5.5 shows a schematic drawing of the sputter-ion pump’s connection to the 
test chamber. Let the tumbomolecular pump (TMP) have a pumping speed of St and 
ultimate pressure Pt, and the pumping speed and ultimate pressure for the test 
chamber be given by Sc and Pc. Let the ion pump have a pumping speed of Si and 
ultimate pressure Pi, according to the data from TMP pump manufacturer, Sc=145 l/s, 
Pc=10-8 torr. 
         
           Figure 5.5 Schematic diagram of a test vacuum system. 
 















TMP and ion pump is given by: 
                           1 1 1
1 2C C C
= +  
Calculating C1: the pipe dimensions between TMP and chamber are D=9.6cm, 
L=7.5cm. In this case, short pipes are used, so according to the short pipes 
conductance equation Eq.(2.15) in chapter 2: 






 ls-1,      D, L in cm 
Obtaining:               C1=540 l s-1 
From Eq.(2.8) we can obtain the effective pumping speed Sc of TMP: 
                    1 1 1
nS S C
= + = 1 1
145 540
+  




              
Figure 5.6 Schematic diagram of components between the test chamber and the ion 
pump. 
 









Pipe22: D=2.4cm, L=6.2cm, using Eq.(2.15), after calculation, C22=18 l s-1 
Pipe23: D=0.4cm, L=0.4cm, using Eq.(2.15), after calculation, C23=0.9 l s-1 
According to series conductance formula: 
                        
2 21 22 23
1 1 1 1
C C C C
= + +  
Obtaining,                    C2=0.9 l s-1. 




= + = 1 1
540 0.9
+  
Obtaining,                     C=0.9 l s-1 
 
The pumping speed of ion pump (when ion pump is off, it is effectively only a 
chamber) 
                  1 1 1
i tS C S
= + = 1 1
0.9 145
+ ,    Si=0.9 ls-1 
Now we calculate the ultimate pressure of the ion pump according to Eq.(2.9) in 
chapter 2, 
Si Pi=Sc Pc,  
0.9 Pi=114x10-8 (Here only considering the ideal condition no leakage, in practice, 
this is difficult to achieve) 
                          Pi=1.3×10-6 torr 
 
Now we calculate the total outgassing and pressures in the sputter-ion pump after 
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pumping for one hour and two hours. 
I. Calculate the sputter-ion pump volume: 
Mild steel volume: V1=π ×432×36=209011mm3=209cm3 
Stainless steel volume: V2=π ×222×12-19× π ×42×12=6.78cm3 
Magnets volume: V3=2× π ×302×5=28.26cm3 
Titanium volume: V4=2× π ×302×1.27=7.18cm3 
Ceramics volume: V5=1.26cm3 
So the volume of the ion pump is V1-V2-V3-V4-V5=166cm3=0.166 liters 
II. Calculate surface areas inside the ion pump: 
Mild steel area: A1=Atop+Awall+Abottom=185cm2 
Stainless steel area: A2=85cm2 
Magnets area: A3=46cm2 
Titanium area: A4=59cm2 
Ceramics area: A5=12.8cm2 
O-ring area: A6=26cm2 
III. 1ha  and α value for vacuum materials used in ion pump  
According to Tables 1 to 5 in Appendix 1, we can know that the outgassing rates of 
the following materials: 
Mild steel: 1 ,1ha =5.4×10-7 torr l ⋅ s-1cm-2, 1α =1 
Stainless steel: 1 ,2ha =3×10-12 torr l ⋅ s-1cm-2, 2α =1 (baked at 250°C for 30h) 
Magnet (nickel plated fresh): 1 ,3ha =8.3×10-9 torr l ⋅ s-1cm-2, 3α =1 
 70
Titanium: 1 ,4ha =1.13×10-8 torr l ⋅ s-1cm-2, 4α =1 
Ceramics outgassing is near zero after baking. 
Viton A(O-ring): 1 ,6ha =1.14×10-6 torr l ⋅ s-1cm-2, 6α =0.8 
IV.Total outgassing in the ion pump after pumping for one hour and two hours 











• ⋅=    
∑ =1.4×10-4  torr l ⋅ s-1 
Using Eq.(3.10):      P(1hour)=1.6×10-4 torr 
The pressure in the integrated add-on lens/ion pump unit when connected to the test 
chamber as measured by the pressure gauge IG2 was 1.7×10-4 torr. 










• ⋅=    
∑ =7.5×10-5 torr l ⋅ s-1 
The predicted pressure after 2 hours is therefore  
P (2 hours) =8.4×10-5torr 
Pressure in the integrated add-on lens/ion pump unit when connected to the test 
chamber as measured by the pressure gauge IG2 was 8.9×10-5 torr. 
The predicted pressure is therefore close to the experimentally measured pressure.  
5.1.4 Ion Pump Pressure Estimation in the SEM 
Since there is not enough room for the ion gauge when the add-on lens with ion 
pump is put in the SEM chamber, the ion pump starting pressure needs to be 
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calculated by another method. The following is the conductance and pressure 
calculation of the add-on lens with ion pump when it is put in the SEM (shown in 
Figure 5.7). 
 
                   
             Figure 5.7 Schematic diagram in the SEM chamber 
 
Two counteracting effects make Pc > Pi. One is the conductance of the add-on 
lens/ion pump unit; the other is the outgassing inside the add-on lens/ion pump unit.  
The conductance between the SEM chamber and ion pump is, 
C=0.9 l s-1(using Eq.(2.15), D=0.4cm, L=0.4cm) 
1 1 1
i cS C S
= + = 1 1
0.9 cS
+ , Sc>>0.9, So Si≈0.9 l s-1 
 
The proceeding calculations assumed outgassing and pressure of the ion pump after 
pumping for one hour and two hours. In order to have the ion pump reach its base 
pressure in a shorter time, it is better to let the start pressure of the ion pump reach a 
lower value, therefore a 3 hour period will be considered. 








               P (3 hours) =4.4×10-5 torr 
This pressure is sufficient to start the ion pump rapidly. Therefore it can be concluded 
that the diffusion pump should operate for at least three hours before the ion pump is 
switched on. 
Figure 5.8 shows the predicted relationship of pressure with time in the SEM 
chamber and the add-on lens/ion pump unit. These results predict that after 2 hours, 
pressure inside the add-on lens Pi will be around 2 times greater that it is in the 




     Figure 5.8 SEM chamber pressure vs. Time and Ion pump pressure vs. Time 
 indicates predicted Pi and  indicates Pc. 
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5.2 Testing of Ion Pump in Add-on Lens under SEM 
Operation Conditions 
5.2.1 Objective 
Experiments were carried out on the ion pump under SEM operating conditions. The 
objective of the experiment is to show that the ion pump improves the vacuum level 
in the SEM inside the add-on lens. The experiment shows that the add-on lens/ion 
pump functions satisfactorily as an objective immersion lens, images were obtained 
at low landing energies. 
5.2.2 Experimental Procedure 
1) Flanges on the top plate and side body of pump/lens unit were removed and 
subsequent holes were covered by aluminum plates. A tin-on-carbon specimen is 
placed on the center of the top magnet-disc, as shown in Figure 5.9. 
 
 







2) The add-on lens body must be grounded because the titanium cathodes are 
grounded through the conducting add-on lens body. In the previous experiment the 
add-on lens body was grounded through the turbomolecular pump. When put in the 
SEM stage, the add-on lens is grounded through its connection to the specimen stage.  
3) The SEM is first evacuated for 3 hours. According to the previous approximate 
calculation, the ion pump pressure can achieve 4.4×10-5 torr after three hours. 
4) Start ion pump. A positive voltage is supplied in small steps, and the reading of 
the current detected is noted. The final voltage on the anode is 2.5kV.  
5) After pumping for some time, when the current no longer decreases, the SEM is 
operated. 
5.2.3 Imaging Results by Add-on Lens with Ion Pump 
After switching on the ion pump for some time, the current decreases from a 
maximum of 1350μA to 387 μA, after which it becomes stable. A graph of the 
experimental current against time is shown in Figure 5.10. 
 
                      Figure 5.10 Current vs. Time 
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From this graph we know that sputter-ion pump works properly and that the 
minimum pressure is about 3.8× 10-6 torr (obtained by the current to pressure 
relationship already calibrated in the test chamber experiment). 
When the current stabilized, the SEM was operated and the add-on lens/pump unit 
was used to provide images of a test tin-on-carbon test specimen. 
  
 
Figure 5.11 Secondary electron images, obtained from a tungsten gun SEM  
The left-hand image: demagnification 50,000 without add-on lens/pump unit; the 
right-hand image: with add-on lens/pump unit. A tin-on-carbon test specimen was 
used with a beam of 4 kV. 
 
Figure 5.11 shows the images of a tin-on-carbon specimen, without and with 
integrated add-on lens/ion pump. The diagonal lines visible in both images are due to 
surrounding noise picked by the SEM when at high magnification. A primary beam 
voltage of 4 kV was used. A working distance of 6mm and a demagnification of 
50,000 were used for the image obtained by the conventional objective lens (without 
the add-on lens). A 60-μm-diameter final aperture was used in the JEOL 5600 SEM 
for all experiments. All other operating conditions were identical. The two images 
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demonstrate that the add-on lens integrated with the ion pump can function as a high 
resolution add-on objective lens. 
 
The length of time that is required to contaminate a specimen is the time to form a 
monolayer of particles from the environment on a clean surface. If the pressure, p, is 
measured in Pa, the time to form a monolayer,τ , in seconds, to completely cover the 
surface with a single layer of a variety of different particles at room temperature is 
[5.3]: 
                    45 10
p
τ −= ×                                   (5.1) 
Thus if a specimen is examined in a vacuum of 5×10-4 Pa (3.75×10-6 torr), a surface 
will be completely covered by the contaminating environment particles in one second. 
In practice, to obtain a chemical analysis of a surface it is necessary to keep the 
specimen under investigation relatively free from contamination for a period of one 
hour. To achieve this it is necessary to produce a vacuum that is in the region of 10-8 
to 10-9 Pa. Typical growth rates for various gases as a function of gas pressure is 
shown in Figure 5.12. 
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Figure 5.12 Rate of contamination of a surface as a function of pressure for some 
common gases. [5.3] 
 
Contamination typically comes from several sources: inadvertent touching of 
specimens or specimen holders, electron microscope column contamination, and 
adhesives or solvents used in the preparation process. During its pumping time in 
vacuum, the specimen is continuously contaminated. So before the vacuum pressure 
reaches 10-6 torr (typical pump-down pressures), the specimen has been 
contaminated for a long time. When the beam was focused on to the tin-on-carbon 
test specimen at high magnification, and scanned for 10 minutes, contamination was 
created. Even after the ion pump ran for several hours, the contamination could not 
be removed. This surface contamination influences the SEM performance, and limits 
the effectiveness of the ion pump. Therefore, no improved images could be obtained. 
An in-situ method of cleaning the surface is required in order to see improvements 
due to the ion-pump’s action. This might be achieved by an ion beam or laser beam, 
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and points the direction for future work.  
References 
[5.1] A. Dallos, The pressure dependence of the pumping speed of sputter ion pumps, 
Vacuum 19 (2), pp 79-80 (1969). 
[5.2] H. Hartwig and J. Kouptsidis, A new approach for computing diode sputter-ion 
pump characteristics (for particle accelerators), J. Vac. Sci. Technol., 11 (6) (1974), 
pp 1154-1159. 
[5.3] P. E. J. Flewitt and R. K. Wild, Physical Methods for Materials 











Chapter 6 Conclusions and Suggestions for 
Future Work 
6.1 Conclusions 
The main objectives of this thesis were to investigate the integration of a sputter ion 
pump into the add-on lens design. 
  
In the first part of this project, basic vacuum technology was reviewed. This includes 
the concepts of flow conductance, conductance calculation in molecular flow, 
sputter-ion pump principle and outgassing and real time pressure calculations of 
vacuum systems. This is important when choosing materials, tracking leakage and 
using high voltage. 
  
In the second part of this project a novel add-on lens with an integrated ion pump 
was proposed. The design modified a previous add-on lens, so as to incorporate the 
ion pump into it. Simulations of magnetic field and direct ray tracing had to be done 
to investigate the influence of the ion pump on the add-on lens optics. Simulation 
results predict that the ion pump and add-on lens both can run well together and that 
the integrated unit can be operated in the SEM.  
 
In the last part of this project, experiments were carried out. It was shown that the 
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integrated sputter-ion pump into the add-on lens can be operated inside a SEM. The 
pumping speed and improvement in the vacuum level of the lens were estimated 
based on the current used by the ion pump. Images obtained with the integrated unit 
show improved spatial resolution performance compared to conventional SEM 
imaging, demonstrating that it can function as a high resolution lens attachment.   
6.2 Suggestions for Future Work 
When the beam was focused on a point on the tin-on-carbon test specimen at high 
magnification, and scanned for 10 minutes, contamination is created. Even after the 
ion pump ran for several hours, the contamination could not be removed. This 
contamination influences the SEM performance, and limits the effectiveness of the 
ion pump. Future work may proceed in two ways. One way is to try other material 
test specimens, ones that do not suffer greatly from contamination. Another way is to 
use cleaning tools, such as the EVACTRON system, which can quickly clean the 
interiors of electron microscopes including the stages, and specimens. The 
EVACTRON system is an Anti-Contamination or Decontaminator accessory for 
electron microscopes and is used for hydrocarbon and organic contamination control 
in vacuum systems [6.1].  
 
Figure 6.1 shows contamination of a specimen surface before and after cleaning 
using an EVACTRON system. 
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Figure 6.1 Example of contamination of specimen surface before and after cleaning 
using EVACTRON system [6.1] 
 
Although the sputter-ion pump integrated with the add-on lens can improve the 
vacuum level around the specimen, the pumping time is long. The top plate of the 
add-on lens needs to be frequently opened in order to change the specimen. Once the 
top plate is opened, the evacuation process must be restarted. The whole evacuation 
and pumping process takes at least five hours each time. This is a fundamental 
problem with the concept of incorporating an ion pump into the add-on lens which 
may be solved by using an auxiliary pump to accelerate the whole process.  
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Experience gained in this work gives some possible directions on how it can be 
applied to improve FEG gun integrated ion pump designs. Consider a magnetic field 
superimposed upon the electric field of an electron gun, so that there is a strong 
magnetic field at the gun tip, but also a sharply decreasing magnetic field falling 
away from the tip in the direction of emission. With these conditions it is possible to 
make the spherical aberration lower than previous designs, where the FEG gun is 
merely immersed in a magnetic field [6.2]. 
 
 
Figure 6.2 Section view cross-section of an integrated FEG/ion pump design. 
Dimensions in millimeters. 
           
One ion pump/gun proposal involves two cylindrical permanent magnets placed 
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coaxially with the optical axis of the electron gun as shown in Figure 6.2. In this 
example, the electron gun tip is positioned 1 mm above the anode bore. The diameter 
of the anode bore is 0.8mm. The inside permanent magnet and the outside permanent 
magnet are magnetized in the radial direction perpendicular to the optical axis, so 
that the magnet flux is through an ion pump anode in the radial direction. The middle 
magnetic pole piece guides the magnetic flux so that it immerses the electron gun. 
 
Figure 6.3 shows a simulation result of the magnetic field intensity distribution along 
the optical axis, through use of KEOS [6.3]. 
 
         Figure 6.3 magnetic field intensity distribution along the optical axis 
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In order to find out the magnetic field gradient, we calculate the gradient from point 
A (z=40.9mm) to point C (z=41mm): 
               2 1
2 1
B BdB B
dz z z z
−∆≈ =∆ − =2239 T/m 
So near the electron gun tip, there is a sharp gradient. Figure 6.3 also indicates that 
the magnetic filed peak is at the cathode tip position. 
 
In practice, the electron gun will need to operate in a vacuum of portion 10-8-10-9 torr, 
this will require UHV techniques, such as copper gasket seals for HV connectors and 
low outgassing materials. 
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Appendix 1 Assembly Procedure 
This section will describe how the pump is incorporated into the lens. The first step 
is to put an O-ring into the bottom groove of the body. Then a permanent magnet 
disc was placed on the center of the bottom plate. The side body is placed on the 
bottom plate. The titanium plate is cathode easily put on to the top of the magnet, as 
shown in Figure A1.1. 
 
Figure A1.1 Assembly 1 
The anode cell is attached to the top and bottom insulator spacers, shown in Figure 
A1.2. 
 
Figure A1.2 Assembly2: practical assembly of anode with insulator spacers 
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The anode with insulator spacers is then placed onto the center of the titanium 
cathode, a high voltage feedthrough connects to the anode, and a wire is fitted into 
the anode side hole, and screwed into place. Another O-ring is then put into the top 
groove of the body. Figure A1.3 shows this process. 
 
                Figure A1.3 Assembly 3 
 
Another titanium cathode is placed on the top of anode, and lastly, the top permanent 
magnet disc is placed on the titanium cathode. The magnets must have the correct 
orientation so they form an array, that is N-S-N-S-N-S…etc., all the way around the 
pump.  
 
Figure A1.4 shows the assembly.  
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                       Figure A1.4 Assembly 4 
 
Because these magnets have a strong attractive force to the top plate, there are at 
least three pieces of objects to support the top plate, two small ceramics pieces and 
one small metal piece. A copper metal stub makes contact with the top magnet in 
order to bias the top titanium cathode, as shown in Figure A1.5.  
 
                 
Figure A1.5 two pieces of ceramic stubs and one cooper stub support the top plate 
 
The last stage is to cover the top plate, fit the flange to the side body, as shown in 

































Outgassing Rates of Vacuum Materials 
Table 1 Metals  
Materials 1ha  torr l 
s-1cm-2×1010 
α1 10ha  torr l 
s-1cm-2×1010 
α10 Ref 
Aluminum(fresh) 63 1.0 6.0 1.0 [A.1] 
Aluminum(degrass
ed 24h) 
41.4 3.2 3.06 0.9 [A.1] 
Aluminum(3h in 
air) 
66.5 1.9 4.75 0.9 [A.1] 
Duralumin 1700 0.75 350 0.75 [A.1] 
Brass(wave-guide) 4000 2.0 100 1.2 [A.2] 
Copper( fresh) 400 1.0 41.5 1.0 [A.1] 
Copper(mech, 
polished) 
35 1.0 3.56 1.0 [A.1] 
OFHC 
copper(fresh) 
188 1.3 12.6 1.3 [A.1] 
OFHC copper 
(mech, polished) 
19 1.1 1.63 1.1 [A.1] 
Gold(wire fresh) 1580 2.1 5.1 1 [A.1] 
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Mild steel 5400 1 500 1 [A.2] 
Mild steel(slightly 
rusty) 








600 0.75 100 0.75 [A.2] 
Steel(chromium 
plated fresh) 
70.5 1 5.8 1 [A.1] 
Steel(chromium 
plated polished) 
91 1 8.0 1 [A.1] 
Steel(nickel plated 
fresh) 
42.4 0.9 4.94 0.9 [A.1] 
Steel( nickel 
plated) 
27.6 1.1 2.33 1.1 [A.1] 
Steel(chemically 
nickel plated fresh) 
83 1 7.05 1 [A.1] 
Steel(chemically 
nickel plated 
52.2 1 4.6 1 [A.1] 
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polished) 
Steel(descaled) 3070 0.6 2950 0.7 [A.1] 
Molybdenum 52 1.0 3.67 1 [A.1] 
Stainless Steel 900 0.7 200 0.75 [A.2] 
Zinc 2210 1.4 322 0.8 [A.1] 
Titanium 113 0.6 18.4 1.1 [A.1] 
 
Table 2 Matals (vacuum baked) 
Materials Treatment a  torr l s-1cm-2×1014 Ref 
Aluminum 15h at 250°C 40 [A.4] 
Aluminum 20h at 100°C 4 [A.3] 
Copper 20h at 250°C 110 [A.3] 
304 Stainless steel 30h at 250°C 300 [A.4] 
Table 3 Polymers 
Materials 1ha  torr l 
s-1cm2×10-1
0 
α1 10ha  torr l 
s-1cm2×10-10 
α10 Ref 
Araldite(moulded) 116 0.8 35.2 0.8 [A.1] 
Araldite D 800 0.8 220 0.78 [A.6] 
Araldite F 150 0.5 73 0.5 [A.5] 




16.6 0.8 3.31 0.9 [A.1] 
Kel-F 4 0.57 1.7 0.53 [A.8] 
Methyl 
methacrylate 
420 0.9 140 0.57 [A.6] 
Mylar(24h at 95% 
RH) 
230 0.75 40 --- [A.9] 
Nylon 1200 0.5 600 0.5 [A.10] 
Plexiglas 72 0.44 27 0.44 [A.12] 
Polyamid 460 0.5 230 0.5 [A.7] 
Polyester-glass 
laminate 
250 0.84 80 0.81 [A.8] 
Polyethylene 23 0.5 11.5 0.5 [A.7] 
Polystyrene 2000 1.6 200 1.6 [A.8] 
Polystyrol 56 0.6 12 0.61 [A.11] 
Polyvinylearbazol 160 0.5 80 0.5 [A.7] 
PTFE 30 0.45 15 0.56 [A.2] 
PVC(24h at 95% 
RH) 
85 1.0 2 ---- [A.9] 
Teflon 6.5 0.5 2.5 0.2 [A.11] 
Terephenil(fresh) 62.2 0.5 16.8 0.5 [A.1] 
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Table 4 Rubbers 
Materials 1ha  torr l 
s-1cm-2×1010 
α1 10ha K1 torr l 
s-1cm-2×1010 
α10 Ref 
Buty1 DR41 150 0.68 40 0.64 [A.6] 
Convaseal 100 0.5 49 0.6 [A.8] 
Natural crepe 730 0.7 310 0.65 [A.6] 
Natural gum 120 0.5 60 0.5 [A.8] 
Neoprene 300 0.5 145 0.5 [A.8] 
Nygon 1300 0.5 650 0.6 [A.6] 
Perbuman 350 0.3 220 0.5 [A.6] 
Poliosocyanate 2800 0.45 1270 0.57 [A.6] 
Polyurethane 50 0.5 25 0.5 [A.7] 
Silicone 1800 1.0 440 1.2 [A.7] 
Viton A(fresh) 114 0.8 ---- ---- [A.1] 
 
Table 5 Ceramics and glasses 
Materials 1ha  torr l 
s-1cm2×10-10 
α1 10ha K1 torr l 
s-1cm2×10-10 
α10 Ref 
Steatite 900 1 95 1 [A.5] 
Pyrophyllite 2000 1 200 1 [A.7] 
Pyrex(fresh) 73.5 1.1 5.5 1.7 [A.1] 
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Pyrex(1 month 
 in air) 
11.6 0.9 1.6 0.7 [A.1] 
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